INTRODUCTION
Plants in natural conditions are constantly exposed to various stress factors. Stress is described all the environmental factors which act on the body and can lead to disturbances in the function and/or structure. The abiotic stressors may include e.g. excess or shortage of water in the environment, too low or too high ambient temperature, presence of toxic substances in the soil, lack of oxygen, gaseous pollutants, UV radiation and excessive salinity of the substrate (Salisbury and Cleon, 1975) . One type of the environmental stress, which influences plants living in natural conditions, is drought stress. Water scarcity is one of the main factors limiting the plants productivity. Osmotic adjustment is an indication of the plant adaptation to drought conditions, which consists in the solute accumulation in cells in response to changes in the water potential. In different stress conditions plants accumulate compatible solutes: sugars, amino acids, glycerol, mannitol etc. that are involved in the process. As a result of the osmotic potential reduction cells absorb water in order to maintain a proper turgor and conduct normal life functions (Blum et al., 1996) . The aim of this study was to determine the influence of drought stress induced by mannitol (-0.5 and -1.5MPa) on selected physiological processes in Z. mays L. Mannitol is a polyhydric alcohol used as a causative agent of the drought osmotic stress in plants (Soetaert et al., 1999) . The influence of drought stress on germination, biometric parameters, water content, electrolytes leakage, chlorophyll content, chlorophyll fluorescence and intensity of gas exchange in maize (Zea mays L.) was examined.
MATERIAL AND METHODS
In the first part of the experiment, Z. mays grains were lined up on sterile Petri´s dishes with filter papers. Grains were then rinsed under the running tap water for 30 minutes, followed by deionized water. During the grain sorting on Petri´s dishes the gas burner sterilized tweezers were used. Grains were placed at equal distances from each other in order to ensure their uniform conditions for germination. Three groups were created: control (distilled water), and grains in two mannitol concentrations: -0.5MPa (0.2M) and -1.5MPa (0.6M). At the time of germination, the Petri´s dishes with Z. mays grains were placed in the dark, at a constant temperature conditions (22°C). Number of germinated grains was counted every 24 hours for 7 days. After 72 hours since the start of the experiment 90 selected seedlings of Z. mays were planted in plastic cups filled with clean river sand (30 in control group; 30 in -0.5MPa of mannitol; 30 in -1.5MPa of mannitol). Planted seedlings were transferred to the greenhouse, where the constant thermal conditions and natural light prevailed. Plants were watered with distilled water every 2 days and once a week with a standard culture medium (Steiner). After 21 days, the biometrics analysis and chlorophyll fluorescence imaging was performed, along with water content, electrolyte leakage, chlorophyll a and b content, of, as well as respiration and photosynthesis intensity measurements. In the second stage of the research, Z. mays grains were washed under running tap water and placed in the same Petri's dishes, as in the previous part of the experiment. Germination conditions and method of calculating the germinated grains were the same. All grains were germinated only on the distilled water and watered with -0.5MPa and -1.5MPa mannitol solutions after implantation into plastic cups. A control group was watered with distilled water. Seedling growth conditions were the same as in the first part of the experiment. After 21 days, measurements of the physiological parameters were also analogical as in the first part of the study. Analysis was extended by the identification of chlorophyll fluorescence parameters in the dark adapted state (minimum fluorescence yield (F0), maximum variable fluorescence yield (Fv), maximum fluorescence yield (Fm) and maximum fluorescence efficiency (Fv/Fm)).
Plants are exposed to various stress factors which might lead to structural damage and physiological function abnormalities. Drought is one of the environmental stress factors that reduce the productivity of plants. The aim of our study was to determine the influence of drought stress induced by mannitol (-0.5 and -1.5MPa) on selected physiological processes in Z. mays L. In the first stage we studied the effect of mannitol on the germination. In the second stage the effect of mannitol on the growth of plants germinated on distilled water and watered with mannitol in growth phase were measured. Mannitol, which decreased the water content in a concentration-dependent manner, had an inhibitory effect on germination and growth of seedlings and adult plants. Electrolyte leakage of cell membranes of the Z. mays seedlings showed high disturbances in the functioning of the membrane structures in the osmotic drought conditions. Similar results were obtained for maize roots, shoots and leaves in both treatment studies. Chlorophyll content showed only significant differences in plants from treated during the growth phase. Drought stress caused a decrease in chlorophyll content by almost a half compared to the control plants. Measurements of chlorophyll fluorescence of plant leaves from the second stage of experiments showed changes in fluorescence activity parameters Fv/Fm, NPQ, Rfd, qP, ect.; gas exchange measurements also showed changes in activity in each of the two phases.
In the case of biometric analysis the length of the 72 hours old seedlings, as well as underground and aboveground organs of Z. mays plants from two phases of experiment were measured with 0.5cm accuracy. The effect of drought stress caused by mannitol on biomass was determined on the basis of changes in dry weight and water content of the seedlings and organs Z. mays. Fresh weight was determined in 10 replicates on electronic scale (Ohaus Adventurer Pro Av 264C, Melrose, USA). Material was frozen at -80°C and lyophilized in a freeze dryer Lynge, Denmark) . The lyophilized Z. mays seedlings and organs were weighed to determine the dry weight and calculate the water content. The electrolyte leakage from the cell membranes was determined using a multifunction device (CX-701 Elmetron, Zabrze, Poland). Plant material (roots, stems and leaves) was placed separately in tubes filled by 30ml of deionized water with a conductivity of 0.05μS•cm -1
. The tubes were shaken on a shaker (Labnet International Rocker, New York, USA) for 3 hours and mixed using vortex (Biomix BVX-10, Blizne Jasinski, Poland). After measuring of the electrolyte leakage (LZ) the plant material was frozen at -80°C in order to kill the cells. Then material was defrosted and subjected to the same procedure as above. Next, the total content of electrolytes in tissue (LM) was checked. All measurements were performed in 10 replicates for each specimen. Electrolyte leakage percentage was calculated according to the formula: EL = (LZ/LM) 100%. Chlorophyll a and b content was determined according to Barnes et al., (1992) with the wavelength: λ = 665 and 648 nm, using a spectrophotometer Aquarius 9500 (Cecil Instruments, Cambridge, UK). Chlorophyll concentration was converted into fresh weight with an accuracy of ± 0.01g. Chlorophyll fluorescence imaging was performed using FluorCam-in FC 800MF Photon Systems Instruments, Czech Republic, according to Lichtenthaler et al., (2004) . In order to quench the light phase reaction of photosynthesis the Z. mays plants of were adapted to darkness for 20min., and then the leaves were cut, put on filter paper with distilled water and inserted into the fluorimeter measuring chamber. We used to method quenching analysis which consists of three phases: measurement of dark adapted levels F0, and Fm, measurement of the Kautsky effect and non-photochemical quenching in the light (with actinic and super light exposure). The results were analyzed using Fluorcam 7 and Microsoft Paint programs. Due to the destructive character of method used, the measurement of fluorescence was made each time on a different Z. mays leaf. The chlorophyll fluorescence parameters (F0, Fv, Fm, Fv/Fm) were determined using a fluorimeter (FMS Fluorescence Monitoring System Hansatech, Norfolk, United Kingdom), in the same environment conditions on Z. mays leaves from control and drought stress treated specimens. Dark-acclimated Z. mays leaves with the use of manufacture clips for 30min. were exposed to excitation light 1500µmol
. m -2 . s -1 duration of measurement for 1s. Gas exchange measurements were made by using an infrared gas analyzer ADC-225 MK-3. The intensity of the luminous flux reaching to the leaves surface at the time of photosynthesis measurement was 100µmol
. m -2 . s -1 . The temperature during the measurement was constant (25°C). The intensity of these processes was set out in the air containing 21% oxygen. The concentration of CO2 was 300-400µmol
. mol -1 and air relative humidity of 75% in a closed system (Rut et al., 2010). The intensity of photosynthesis and respiration of Z. mays leaves were expressed in CO2 intake/output for plant dry mass (DM) 
Statistical anaylsis
Statistical significance of the data was calculated by means of a one-way analysis of variance (ANOVA), followed when appropriate by Tukey's post-hoc test (HSD) for groups n=10, the values indicated by letters were significantly different at p≤0.05. Calculations were performed using Statistica for Windows 10.0.
RESULTS

Germination
After the first day, there was a small percentage of germinated grains on the Petri's dishes with distilled water (control). In the other two cases, there were no germinated Z. mays grains. After 48 hours, the share of germinated individuals were about 64% (control), 44% (-0.5MPa) and 12% (-1.5MPa). After another day results were as follows: 92%, 92% and 28% (the control group, -0.5MPa and -1.5MPa, respectively). After 96 hours, 100%, 100% and 68% of maize grains had germinated ( Fig. 1 ).
Figure 1
Percentage of germinated Z. mays grains in the Petri's dishes with mannitol concentrations -0.5MPa, -1.5MPa and on distilled water (control) for 7 days
Biometric anaylsis
Biometric analysis of maize seedlings performed after 72 hours treatment with lower (-0.5MPa) and higher concentration (-1.5MPa) of mannitol showed an inhibitory effect of this stress factor. Statistically significant differences in the seedling length were observed in both concentrations of mannitol (-0.5MPa and -1.5MPa) in relation to the seedlings growing on the Petri's dishes with distilled water (control). In the case of high concentration of mannitol, seedlings reached about 1.5cm, which accounted for approximately 34% of the length of maize seedlings from control. In low concentration, the length of the seedlings was about 60% of the control seedling length (Tab. 1). Biometric analysis of Z. mays, growing from grains germinated on Petri's dishes with mannitol and watered with mannitol during growth, showed statistically significant differences in the length of the tested organs (Tab. 2). 
Dry weight and water content [%]
According to the results of dry matter and water content in maize seedlings, it was indicated that mannitol-induced osmotic stress significantly affects water uptake by germinating maize grains. The biggest difference in the percentage content of water in comparison with control (distilled water) was recorded for the seedlings in the highest concentration of mannitol (-1.5MPa). In the case of the dry weight, seedlings germinated on mannitol had slightly higher mass values (Tab. 3). Determination of dry matter of Z. mays organs showed statistically significant inhibition of weight gain in phases A and B after watering with mannitol (Tab. 4). Analysis of water content in the organs of Z. mays revealed a statistically significant reduction of water content in the root, the section from the root to the first leaf and the first leaves of plants watered with mannitol in the growth phase. The remaining organs of maize plants watered with mannitol in germination phase and in growth phase observed an increase of water content compared to the water content in the organs of control plants (Tab. 5).
Electrolyte leakage
The measurements of electrolyte leakage from germinating maize grains on Petri's dishes with mannitol showed disturbances in permeability of the cell membranes in comparison to the control (distilled water) (Tab. 6). The statistical analysis showed the greatest percentage of cell membrane disruption in a concentration of -1.5MPa in comparison with control seedlings. However, lower concentration showed no significant effect of mannitol on the cell membranes permeability (Tab. 6). Measurement of electrolyte leakage from the cell membranes of Z. mays organs treated with mannitol in the germination phase and the growth phase, regardless of the concentration of mannitol (-0.5 and -1.5MPa), showed amount 50% increase in comparison with the electrolyte leakage from the organs of the control plants (Tab. 7, 8) . The highest percentage of the cell membranes disorganization was found in the leaves of Z. mays plants grown from watered with mannitol at a concentration of -1.5MPa, and the lowest one for the leaves of plants grown from grains germinated on medium saturated with mannitol solution with a concentration of -0.5MPa (compared to control plants). Intermediate values were obtained for the roots and shoots of each of the test phases treatment (Tab. 8).
Chlorophyll
The table 9 below shows the changes in chlorophyll a and b content of Z. mays plant leaves treated with mannitol solutions of different concentrations in the two phases of the experiment. The concentration of chlorophyll a and b in leaves of Z. mays plants grown from grains treated with mannitol in germination phase did not show the significant influence on the content of the green pigments. Statistically significant differences were obtained for the plants watered with mannitol solutions in growth phase. Generally, drought stress induced by mannitol has decreased the content of chlorophyll a and b in relation to the control objects. The chlorophyll a values ranged from 0.1 to 0.2 [mg/g FW], while the chlorophyll b content was two times lower. The plants watered with mannitol solution of -1.5MPa in concentration during the growth phase had the lowest amount of chlorophyll, compared to control plants (Tab. 9).
Chlorophyll fluorescence
Fluorimetric analysis of chlorophyll fluorescence parameters (F0. Fm. Fv. Fv/Fm) confirmed the important effect of mannitol on PSII activity in plants Z. mays (Fig. 2) . Fluorescence measurements carried out after 14, 21 and 28 days on plants watered with mannitol in the second phase of experiment, showed a significant decrease in values of the studied parameters after 3 and 4 weeks in plants treated with the highest concentration (Fig. 2) . The exception was parameter F0 for which after 4 weeks, there was an increase of activity in both low and in a high concentrations of mannitol relative to the control plants (Fig. 2) . The chlorophyll fluorescence imaging allowed us to distinguish the areas of maize leaves exposed to drought stress through the use of different concentrations of mannitol (Tab. 10).
Table 10
Imaging of chlorophyll fluorescence in leaves Z. mays treated with mannitol (-0.5 and -1.5MPa) in the germination phase (A) and in the growth phase (B)
Parameters
Scale Control -0,5MPa -1,5MPa A B A B
NPQ qP
Rfd
Non photochemical quenching (NPQ) in leaves of control plants was higher compared to plants grown from grains treated with mannitol both in the germination and growth phases. The differences in vitality index (Rfd) were observed among the plants treated with mannitol in both low and high concentrations. Similarly, the photochemical quenching (qP) differences were visible between the control and plants of each used mannitol concentration. The values of fluorescence parameters decreased in the oldest parts of the leaves, especially on the edges and at ends. In the case of the plants watered with the highest concentration of mannitol almost totally destroyed PSII was observed. Based on the examined parameters the maize leaves virtually showed no fluorescence activity (Tab. 10).
Gas exchange
The intensity of net photosynthesis [µmol CO2 · g -1 · h ] were: 11.94 and 68.55 ).
DISCUSSION
Water is the universal carrier of nutrients, a substrate in reactions of photosynthesis, a factor necessary for the proper growth and development of plants. Water stress is generally understood as an excess or lack of water which has a big impact on biochemical and physiological processes of plants. It makes its presence felt in the first stages of plant life reducing the germination of seeds (Liu et al., 2010) . A similar phenomenon has been observed in the course of this work. High concentration of mannitol (-1.5MPa) reduced number of germinated grains of maize to 68% after 96 hours of germination as compared to the number of germinated Z. mays grains in control conditions (Fig. 1) . In the event of the long lasting water deficit in the soil, plants often undergo reduction of the ground parts, while their roots increase in size striving towards deeper soil layers that are more abundant in water. This phenomenon is observed in the case of wheat (Volkman, 1997), rice (Oryza sativa L.) (Lu and Neumann, 1999), Populus kangdigensis (Chunying et al., 2005) and strawberry (Klamkowski and Treder, 2011). The results of this study showed a slight decrease in the length of the root of Z. mays in the group treated with mannitol in the germination phase and a significant decrease in the group watered with mannitol in the growth phase (Tab. 2). The length of the ground organs of Z. mays was reduced in each of the two phases. Statistically significant differences were demonstrated especially among the plants watered with solutions of mannitol in the growth phase (Tab. 2). Water stress in plants reduces nutrient uptake and the weight gain, due to the limited transpiration and nutrient absorption as well as inhibited root transport mechanisms (Tanguilig et. al., 1987) . In the case of the Z. mays the significant inhibition of growth was observed through changes in dry mass for both aboveground and underground organs of plants treated with osmotic drought stress. The largest differences were observed in plants grown from grains germinated on distilled water and watered with mannitol in the growth phase (Tab. 4). The membrane structures are one of the first elements of the cells exposed to abiotic stress factors. The membrane's destabilization causes a decrease in cell volume, increase of viscosity of the cytoplasmic components and the disorganization of metabolic processes (Farooq et al., 2009) . The results from our experiments showed increase in the electrolyte leakage from the cell membranes of both seedlings and plant organs of Z. mays (Tab. 6, 7, 8) . The instability of the cell membranes was highest in seedlings germinated on mannitol at a concentration -1.5 MPa than in control group (Tab. 6). In the case of plants Z. mays largest percentage of the electrolyte leakage demonstrated in organs treated -1.5 MPa mannitol in the second phase of the experiment (Tab. 8). Plant pigments, as one of the most important compounds in the plant, affect the rate of photosynthesis and biomass production. Podleśny and Podleśna (2010) showed a decrease in chlorophyll content in leaves of lupine and barley under drought conditions, and Amuthavalli and Sivasankaramoorthy (2012) observed a reduction of chlorophylls and carotenoids in Cajanus cajan. In the case of Z. mays the statistically significant decrease in the chlorophyll a and b content was observed in plants grown from seedlings on distilled water, and treated with mannitol (-0.5 and -1.5MPa) in the growth phase (Tab. 9). The obtained results may be due to increase degradation and inhibition of the pigments synthesis and mineral substance deficiency.
The study of chlorophyll fluorescence showed significant changes in the parameter values. Treatment with mannitol (-1.5MPa) inhibited the functioning of the PSII photosystem in Z. mays (Fig. 2) . Changes in the minimum fluorescence yield (F0) value suggest difficulties in the excitation energy transfer between molecules of pigments, while in the maximum fluorescence (Fm) and the variable fluorescence (Fv) may indicate disorders in the reduction of electrons and in scattering of the excitation energy as heat in the PSII (Kalaji and Łoboda, 2010). Hura et al., (2007) showed a decrease in the value of Fv/Fm in chlorophyll fluorescence of C3 and C4 plants, probably due to damage to PSII reaction centers or slow excitation energy quenching process induced by the effects of drought. Chlorophyll fluorescence reflects the plants sensitivity to stress factors. On the basis of chlorophyll fluorescence imaging a decrease in the value of nonphotochemical quenching (NPQ) and vitality index (Rfd) was shown as well as differences in the parameter value and photochemical quenching (qP) in Z. mays plants treated with mannitol during germination and growth phases (Tab. 10). According to Kalaji and Łoboda, (2010) changes in the activity parameters testify to the disturbances in the course of photochemical and enzymatic reactions in thylakoids and the chloroplast matrix, as well as to the amount of energy absorbed by PSII, and the losses of heat. The photosynthesis process is associated with plant species (Olszewska et al., 2010) and is significantly modified by environmental factors. The rate of photosynthesis depends on the amount of water and its availability (Stalmach et  al., 2012) . Under drought conditions, one of the defense reactions of plants is closing of the stomata, which leads to a reduction of transpiration and limits carbon dioxide intake (Klamkowski and Treder, 2011). In the case of Z. mays plants grown from grains germinated on distilled water, and watered with both solutions of mannitol we observed an inhibition of the intensity of the gas exchange process (Tab. 11).
CONCLUSION
Drought tolerance requires changes throughout the plant, from the molecular and tissue level to the physiological processes. A typical plant response to water stress is manifested by yield reduction through decrease of the rate of photosynthesis, disruption of transport and distribution of assimilates. Drought stress simulated by mannitol has a negative effect on physiological processes in maize plants (Z. mays). The amount of the resulting changes depends on the stage of the plant life, the stressor concentration and exposure time. Studies showed that osmotic drought stress reduces germination, water uptake and inhibits the elongation growth of the Z. mays organs. It causes the disorganization of cell membranes in seedlings, underground and aboveground organs of Z. mays, regardless of the treatment phase. Osmotic drought stress has also impact on the parameters of chlorophyll fluorescence, chlorophyll content in leaves and changes in gas exchange in Z. mays plants.
